In this paper we investigate the use of network coding to improve energy efficiency of core networks. A mixed integer linear programming model is developed to optimize routing in network coding enabled non-bypass IP/WDM networks considering unicast traffic flows. We quantify the power savings obtained by implementing network coding. The results show that network coding can improve the energy efficiency of non-bypass IP/WDM networks by up to 33% compared to conventional architectures.
NETWORK CODING IN IP/WDM NETWORKS
The IP/WDM network represents the state of the art implementation of core networks. In this network [9] - [16] shown in Fig. 1 , IP routers aggregate traffic from edge routers and transport them through optical fibres which provide the required high bandwidth. Electrical signals are converted into optical signals using transponders, and switched optically by the optical cross connect to the IP router. In each fiber, multiplexers/demultiplexers are used to multiplex and demultiplex the wavelengths. Erbium doped fiber amplifiers (EDFAs) are used to amplify the optical signals to support long distance transmission. Routing of traffic from source to destination is implemented using either the lightpath non-bypass approach or the bypass approach. In the former approach traffic flows are routed from its source to destination optically ICTON 2015 We.D3.6 without passing through the IP layer of intermediate nodes while in the latter the flows have to visit the IP layer in each intermediate node. In this paper we focus only on the non-bypass case. Figure 2 compares network coding (in a three nodes network) to the conventional routing approach. In Fig. 2(a) , considering the conventional routing scheme, the intermediate node only stores and forwards the X and Y flows whereas in Fig. 2(b) the intermediate node encodes the flows using the logical XOR operation and multicasts them back to nodes n and k.
In the conventional routing case, two conventional ports are required at each intermediate node, one to connect to each end node and a port at each end node, resulting in a total of 4 conventional ports. Employing network coding reduces the number of IP router ports at intermediate nodes by replacing the two conventional ports in the intermediate node by a single network coding enabled port (NC) port. Therefore the total number of ports is reduced from 4 conventional ports to 1 NC port at the intermediate node and 2 conventional ports at end nodes. Figure 3 illustrates the proposed architecture of a network coding enabled IP/WDM node. In addition to the transmitter and receiver found in conventional ports, a receiver is needed to allow the port to receive the two flows to be encoded. Storage is required to synchronize data before encoding. The flows are encoded using the "XOR" unit. The transmitter is connected to a coupler in the optical layer to facilitate multicasting, and an amplifier is used to compensate for the power loss due to splitting. The fact that the coding is done in the IP layer makes the additional storage and the simple XOR code low cost as the storage functionality is already in existence in conventional ports, and the XOR functionality can become part of the processing. In this work, we report the results associated with a Mixed Integer Linear Programming (MILP) model we developed to minimize the total power consumption of network coding enabled non-bypass IP/WDM networks by optimizing the use of network resources. The model optimizes the number and location of NC ports given the network topology and traffic demands.
RESULTS
We investigate the power savings obtained by implementing network coding in example networks. We consider two network topologies of different average hop counts: the NSFNET network and the USNET network. The NSFNET, shown in Fig. 4a , has 14 nodes and 21 links and an average hop count of 2.17, while the USNET, Figure 4b has 24 nodes and 43 links with an average hop count of 3. The traffic demands between nodes pairs of the network at different times of the day is generated following a uniform distribution of values from 20 Gb/s to 120 Gb/s where the peak occurs at 22:00 in each time zone [10] - [16] .
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The power consumption of the network devices are shown in Table 1 [17]- [21] . We assume the power consumption of the network coding enabled ports to be 1100 Watts to account for the extra elements of the NC port. Figure 5 shows an average power savings of 27% obtained by introducing network coding to the NSFNET topology. The power savings increase to 33% for the USNET topology. This increase is due to the higher hop count of the USNET. The higher hop count means that more conventional ports will be replaced by NC ports. A higher hop count, however, will also increase the number of conventional ports needed to establish flows between neighbouring nodes where the traffic flows cannot be encoded. The total power savings obtained by network coding depend on the ratio of the traffic between neighbouring nodes (cannot be encoded) and the non-neighbouring nodes (can be encoded). 
CONCLUSIONS
This paper has introduced the use of network coding to improve the energy efficiency of non-bypass IP/WDM networks. We formulated an MILP model to evaluate the potential power savings obtained by implementing network coding. The model results suggest that network coding can achieve daily average savings of 27% and 33% considering NSFNET an USNET, respectively.
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